The suprachiasmatic nucleus (SCN) is a central pacemaker in mammals, driving many endogenous circadian rhythms. An important pacemaker target is the regulation of a hormonal message for darkness, the circadian rhythm in melatonin synthesis. The endogenous clock within the SCN is synchronized to environmental light/dark cycles by photic information conveyed via the retinohypothalamic tract (RHT) and by the nocturnal melatonin signal that acts within a feedback loop. We investigated how melatonin intersects with the temporally gated resetting actions of two RHT transmitters, pituitary adenylate cyclase-activating polypeptide (PACAP) and glutamate. We analyzed immunocytochemically the inducible phosphorylation of the transcription factor Ca 2ϩ /cAMP response elementbinding protein (CREB) in the SCN of a melatonin-proficient (C3H) and a melatonin-deficient (C57BL) mouse strain. In vivo, light-induced phase shifts in locomotor activity were consistently accompanied by CREB phosphorylation in the SCN of both strains. However, in the middle of subjective nighttime, light induced larger phase delays in C57BL than in C3H mice. In vitro, PACAP and glutamate induced CREB phosphorylation in the SCN of both mouse strains, with PACAP being more effective during late subjective daytime and glutamate being more effective during subjective nighttime. Melatonin suppressed PACAP-but not glutamate-induced phosphorylation of CREB. The distinct temporal domains during which glutamate and PACAP induce CREB phosphorylation imply that during the light/dark transition the SCN switches sensitivity between these two RHT transmitters. Because these temporal domains are not different between C3H and C57BL mice, the sensitivity windows are set independently of the rhythmic melatonin signal.
Many biological rhythms persist in the absence of environmental cues (zeitgebers) with a circadian period of ϳ24 hr. In mammals, important circadian rhythms are driven by an oscillator in the hypothalamic suprachiasmatic nucleus (SC N) (K lein et al., 1991) . The principal cue entraining the endogenous rhythm in SCN activity to ambient light /dark conditions is photic information conveyed by the retinohypothalamic tract (RHT).
Mechanisms of cellular processing required to integrate environmental stimuli into the endogenous genetic program of circadian timing in the SC N to pace biological rhythms and anticipate cyclic changes in the light /dark regimen are not known. The sensitivity of the SC N to the resetting actions of neurochemical factors implicated in entrainment is restricted to discrete temporal windows. These windows, overlapping with equally discrete molecular gates for distinct signaling pathways, are notably out of phase with each other. During daytime, phase shifts can be induced by activation of the cAMP-signaling pathway , whereas the prevailing stimulus for phase shifts during nighttime results from activation of the Ca 2ϩ -and/or the cGMP-signaling pathway(s) Ding et al., 1998) . In the rodent RHT, glutamate signals "light" to the pacemaker during nighttime (Castel et al., 1993; Ding et al., 1994 Ding et al., , 1997 . Conversely, the pituitary adenylate cyclase-activating polypeptide (PACAP) makes the SCN sense "darkness" during daytime, by elevating the intracellular cAMP concentration (Hannibal et al., 1997; Kopp et al., 1997) . At dusk and possibly also at dawn, a sensitivity window exists for the pineal hormone melatonin to affect clock activity (Redman et al., 1983; Cassone et al., 1987; Stehle et al., 1989; McArthur et al., 1991) . Thus, melatonin, the hormonal message for darkness, may fine-tune circadian timing via interference with other pathways, thereby defining SCN sensitivity to resetting cues. Because phase shifts in SCN activity require protein synthesis (Zhang et al., 1996) and induce DNA-binding proteins (Kornhauser et al., 1990; Rusak et al., 1990; Ginty et al., 1993; Stehle et al., 1996) , transcription is part of pacemaker adjustment. Therefore, a molecular interface for neuronal (RHT neurotransmission) and/or endocrine (melatonin) cues must be able to serve different signaling pathways, to react fast, and to convey external stimuli rapidly to the transcriptional machinery necessary for consolidation or even initiation of phase shifts. There is increasing evidence that the transcription factor C a 2ϩ /cAM P response element-binding protein (CREB) may act as an integrator involved in resetting circadian rhythms (Ginty et al., 1993; McNulty et al., 1998) .
To gain f urther insights into the temporal gating of the SCN to resetting cues and to examine the potential impact of melatonin, we compared oscillator properties of C3H mice with a rhythmic melatonin synthesis, with those of C57BL mice with an undetectable melatonin synthesis in vivo (Ebihara et al., 1986; Goto et al., 1989) . Using both in vivo and in vitro approaches, we found that phase-shifting stimuli converge within the SC N at a molecular level with the phosphorylation of CREB. Pacemaker-resetting cues act on CREB at different temporal sensitivity windows that are set intrinsically, independently of the endogenous melatonin signal.
MATERIALS AND METHODS
Animals and in vivo studies. All animal experimentation reported in this manuscript was conducted in accordance with the Policy on the Use of Animals in Neuroscience Research and the Policy on Ethics as approved by the Society for Neuroscience. Male C3H (substrains HeN or J) and C57BL /6 mice aged 6 -10 weeks (Charles River Wiga, Sulzfeld, Germany) were housed in individual cages equipped with running wheels and with constant room temperature and food and water available ad libitum. Because no differences between the two C3H substrains were evident in any of the experiments conducted, these animals are f urther referred to as C3H mice. Wheel-running activity was recorded continuously and analyzed by a computer system (Viglen Contender PC, Alberton, UK) running Dataquest IV software (Data Sciences, Frankf urt, Germany). The mice were entrained to a photoperiod of 12 hr of light (250 lux):12 hr of darkness (dim red light Ͻ 15 lux) for at least 1 week before the experiments. Subsequently, animals were transferred into constant dim red light (DD), and free-running activity rhythms were monitored for 16 d consecutively. Activity onset was defined as circadian time 12 (C T12). The light pulses were delivered by moving the animals from the DD environment to a monochromatic light source with an intensity of 1000 lux (15 min) in a neighboring room during the projected subjective day (C T06 and C T10) or subjective night (C T14 and C T18). Control experiments were conducted by moving the mice without light exposure. To examine resetting responses, we exposed animals to between one and three light pulses at different circadian times, with at least 5 d between pulses to allow for consolidation of phase shifts. Phase shifts were determined by measuring the phase difference between eye-fitted lines through successive daily activity onsets, using observers blind to treatment. Negative values represent stimulus-induced phase delays; positive values represent phase advances.
To investigate in vivo the light-induced phosphorylation of CREB in the SC N, we anesthetized animals after light or sham exposure with sodium pentobarbital (1.6 gm / kg of body weight, i.p.) and transcardially perf used the animals with 4% paraformaldehyde (PFA) in PBS with heparin (2000 U/mouse) as an additive. Brains were removed, post-fixed for 2 hr in 4% PFA, and then cryoprotected with 20% sucrose in PBS overnight. Coronal hypothalamic sections (40 m for immunocytochemistry; 100 m for confocal laser microscopy) were cut on a freezing microtome and collected into PBS for immediate free-floating immunocytochemistry (see below).
In vitro studies. Mice kept under standard 12:12 hr light /dark conditions were decapitated, brains were removed quickly, and coronal hypothalamic slices (400 m thick) containing the paired SC N were cut at 4°C using a vibratome. To avoid phase shifting of the circadian clock by brain slicing (Gillette, 1986) , we prepared slices at least 2 hr before the onset of the dark phase. Stimulations of slices were conducted subsequently at zeitgeber time 06 (Z T06), Z T10, Z T14, and Z T18, with Z T12 designated as the onset of the donor's dark phase. After preincubation for at least 2 hr in artificial C SF [aC SF (in mM), NaC l 145; KC l 5; C aC l 2 1.8; MgC l 2 0.8; H EPES 10; and glucose 10; pH 7.35; at 37°C], slices were stimulated with glutamate [100 M; a dose according to Shirakawa and Moore (1994) ] or PACAP [100 nM; a dose according to Hannibal et al. (1997) ] for 15 min. To investigate the impact of melatonin on PACAPergic and glutamatergic effects, we added melatonin [1 nM; a dose according to McNulty et al. (1994) ] alone for 30 min to aC SF or for 15 min before and during glutamate or PACAP application. Unstimulated slices served as controls. Subsequently, slices were fixed with 4% PFA for 12-16 hr, cryoprotected (20% sucrose in PBS), and sectioned on a cryostat. Sections (14 m) were mounted on gelatin-coated slides and stored at Ϫ20°C until immunocytochemistry was performed.
Immunoc ytochemistr y. Immunoreaction (IR) for the phosphorylated form of CREB (pCREB) in the SC N was visualized with a standard avidin -biotin labeling method, with diaminobenzidine as the chromogen as described (Sumova et al., 1994; Tamotsu et al., 1995) . Primary polyclonal antibodies against CREB, phosphorylated at the residue Ser 133 (pCREB; New England Biolabs, Beverly, M A; Upstate Biotechnology, Lake Placid, N Y), were used at dilutions of 1:1000 and 1:500, respectively.
For double-label immunofluorescence, free-floating sections were incubated with the rabbit anti-pCREB antibody (1:100; New England Biolabs) and a monoclonal anti-V I P antibody (1:200; Bio Trend, Köln, Germany). Subsequently, the sections were incubated for 1 hr at room temperature in a mixture of goat anti-rabbit C y3 (1:500; Jackson ImmunoResearch, West Grove, PA) and goat anti-mouse fluorescein isothiocyanate (FI TC; 1:500; Sigma, St. L ouis, MO). The buffer for all incubation steps was PBS with 1% BSA and 0.5% Triton X-100; intermediate washing steps were done in PBS. Sections were mounted on gelatincoated slides and coverslipped with fluorescent mounting medium (Dako, C arpinteria, CA).
Confocal laser microscopy. A Z eiss L SM 510 confocal imaging system equipped with a monochromatic argon laser light source (wavelength, 458 and 488 nm) was attached to an inverse Axiovert 100 Z eiss (Göt-tingen, Germany) microscope. The 488 nm line of this laser was used to excite the FI TC fluorophore, the beam passing through a dichroic beam splitter (F T 488) and an emission bandpass filter . A second helium -neon laser was used to emit monochromatic light at 543 nm. This laser line was applied to excite the C y3 fluorophore, using a dichroic beam splitter F T 543 and an emission bandpass filter BP 580 -615. Immunofluorescence images of both channels were stored for f urther analysis as digitized images with an eight bit resolution (1024 ϫ 1024 pixels).
Anal ysis of pCR EB-IR .
Initially, all sections of the SC N immunostained for pCREB were inspected routinely with a Z eiss microscope (Axioplan; 100ϫ) equipped with a video camera that was connected to a computerized image analysis system (V I DAS, Kontron, Germany). Semiquantitative analyses were performed as described (Pfeffer et al., 1998) . Briefly, the images were digitized; background staining was used to define the lower threshold. Within the area of the SC N all cell nuclei showing a pCREB-IR exceeding the threshold were marked. Because pCREB-stained cell nuclei were homogeneously distributed throughout the rostrocaudal extent of the SC N, three sections of the intermediate aspect of the SC N were chosen at random for f urther analysis. Nuclei with a pCREB-IR were counted in a blind manner, and the mean numbers (Ϯ SEM) of stained nuclei within SC N boundaries were used for statistical analysis.
Statistical anal ysis. Statistical analysis of the in vivo and the in vitro experiments was performed using Graph Pad Prism (Graph Pad, San Diego, CA). Significant differences between groups were determined with a one-way ANOVA, followed by T ukey's post hoc test. Data are presented as the mean Ϯ SEM. Values were considered significantly different with p Ͻ 0.05.
Materials. Drugs and chemicals were obtained from the following sources: PACAP, melatonin, and forskolin were from C albiochem (L ucerne, Switzerland); all others drugs and chemicals were purchased from Sigma.
RESULTS

Effects of light on locomotor activity in mice kept under DD
The period length of the locomotor activity rhythm in constant darkness was not significantly different between C57BL (23.77 Ϯ 0.11 hr; n ϭ 16) and C3H (23.65 Ϯ 0.07 hr; n ϭ 16) mice. Exposure to a light pulse during subjective day (CT06, for C3H, n ϭ 9; for C57BL, n ϭ 6; CT10, for C3H, n ϭ 5; for C57BL, n ϭ 6) or sham exposure in DD (controls, for C3H, n ϭ 10; for C57BL, n ϭ 8) had no significant effects on the phase of locomotor activity rhythms (Figs. 1, 2 A) . Light pulses applied during subjective night (CT14 and CT18) resulted in stable phase delays in both strains of mice (Figs. 1, 2 A) ; light exposure of animals 2 hr after activity onset (C T14) was most effective to induce phase delays in C57BL (Ϫ1.78 Ϯ 0.18 hr; n ϭ 7; p Ͻ 0.01 vs controls) and C3H (Ϫ1.52 Ϯ 0.2 hr; n ϭ 6; p Ͻ 0.01 vs controls) animals. C57BL mice showed almost similar phase delays at CT18 (Ϫ1.71 Ϯ 0.5 hr; n ϭ 6; p Ͻ 0.01 vs controls) and at CT14, whereas in C3H mice phase delays were significantly smaller at CT18 (Ϫ0.78 Ϯ 0.16 hr; n ϭ 6; p Ͻ 0.05 vs controls and vs CT14) compared with that at C T14. The light-induced phase delays at CT18 were significantly larger ( p Ͻ 0.01) in C57BL mice than in C3H mice (Fig. 2 A) .
Induction of pCREB-IR in the SCN after light exposure
Light pulses applied during subjective day (C T06, for C3H, n ϭ 5; for C57BL, n ϭ 3; C T10, for C3H, n ϭ 3; for C57BL, n ϭ 4) or handling the animals in DD at any of the time points investigated (for both strains, n ϭ 4) did not induce pCREB-IR. In both mouse strains a light pulse during subjective night (CT14 and CT18, for both strains, n ϭ 3 for all groups) induced a robust pCREB-IR within the SC N (Figs. 2 B, 3, 4) . In the ventrolateral part of the SC N, double staining for cell nuclei showing a pCREB-IR with perikarya showing a V I P-IR could be observed. In addition, some SC N cells showed only pCREB-IR, whereas others showed only V I P-IR (Fig. 4) . Thus, because the pCREB-IR overlaps only partially with the V I P-IR that marks cells receiving a direct retinal input (Tanaka et al., 1993) , the phosphorylation of CREB may contribute to the integration of photic information with pacemaker adjustment.
PACAP-and glutamate-induced pCREB-IR in the SCN in vitro
There was no significant difference in the levels of basal pCREB-IR in untreated slices of both mouse strains, at any of the zeitgeber times investigated (controls, for both strains, n ϭ 16). Induction of pCREB-IR by the two agonists was phasedependent, but with contrasting windows of sensitivity. Glutamate stimulated CREB phosphorylation at Z T14 and Z T18 in the SC N of C3H (Z T14, n ϭ 5; p Ͻ 0.001 vs controls; Z T18, n ϭ 5; p Ͻ 0.05 vs controls) and C57BL (Z T14, n ϭ 4; p Ͻ 0.001 vs controls; Z T18, n ϭ 8; p Ͻ 0.05 vs controls) mice. Glutamate application at Z T06 (for C3H, n ϭ 5; for C57BL, n ϭ 7) or Z T10 (for C3H, n ϭ 6; for C57BL, n ϭ 7) did not induce a significant pCREB-IR in either strain (Fig. 5) . PACAP application at Z T06 (for C3H, n ϭ 4; for C57BL, n ϭ 3), at Z T14 (for both strains, n ϭ 4), or at Z T18 (for both strains, n ϭ 3) did not induce a pCREB-IR in the SC N of either mouse strain. In contrast, at Z T10 PACAP treatment evoked a robust pCREB-IR in the SC N of C3H and C57BL mice (for both strains, n ϭ 5; p Ͻ 0.001 vs controls; Fig. 5 ). The PACAP-or glutamate-induced pCREB-IR did not differ between C3H and C57BL mice at any of the time points investigated. In both strains the pCREB-IR was found predominantly in the ventrolateral region of the SC N (see Fig. 7 ).
Effects of melatonin on PACAP-and glutamateinduced CREB phosphorylation
Melatonin was applied to SC N slices at Z T10 and Z T14, because at these time points a maximal pCREB-IR was induced by PACAP and glutamate, respectively. Although melatonin (1 nM) alone was without effect (data not shown), it significantly inhibited the PACAP-induced CREB phosphorylation in C3H (n ϭ 4; p Ͻ 0.001) and C57BL (n ϭ 5; p Ͻ 0.001). In contrast, the glutamate-evoked pCREB-IR remained unaltered in both mouse strains when slices were incubated with melatonin before and during drug treatment (for C3H, n ϭ 5; for C57BL, n ϭ 4) (Figs. 6, 7) .
DISCUSSION
Adaptation of the circadian pacemaker in the mammalian SCN to changing environmental light/dark cycles is fundamental for sur- Figure 1 . Light-induced effects on locomotor activity of C3H and C57BL mice. Animals were kept under constant darkness (dim red light). Representative double-plotted actograms of animal wheel-running activity are shown with asterisk s indicating the time of light pulses (15 min; 1000 lux). Light presented during subjective day (C T06 and C T10) had little or no effect in C3H ( A) and C57BL ( B) mice, whereas light applied during subjective night (CT14 and CT18) resulted in stable phase delays in C3H ( C) and C57BL ( D) mice.
vival. Our analyses of signaling events in the mouse SCN highlight a major role for the transcription factor CREB as a molecular interface between various resetting cues accessing the circadian clock. In particular, we demonstrate that light and two important transmitters of the RHT, PACAP and glutamate, activate CREB in the SC N by phosphorylation during discrete time windows that match with the corresponding temporal domains for these signals to induce phase shifts in vivo (for review, see Gillette, 1996) . The comparative analyses of melatonin-deficient and -proficient mice show that sensitivity windows for resetting cues are determined predominantly by cell-autonomous mechanisms within the SC N rather than by a phasic melatonin signal.
The principal natural stimulus for the phase adjustment of the circadian oscillator is light (for review, see Meijer, 1991) . The light-induced phase delays in locomotor activity of both mouse strains are consistent with previous reports (Schwartz and Zimmerman, 1990; Benloucif and Dubocovich, 1996) . Exogenous melatonin was reported to attenuate photically induced phase delays in C3H mice at CT14 and CT18 . Because C3H mice show an elevated melatonin synthesis only during the second half of the night (Goto et al., 1989) , the endogenous hormone effect on light-induced phase shifts should not be detectable at CT14. Indeed, phase delays are attenuated at CT18 as compared with CT14. Although this interpretation Immunocytochemical demonstration of a light-induced CREB phosphorylation in mouse SC N. Representative coronal sections through the hypothalamic region containing the SC N of C3H and C57BL mice are shown. Nuclear pCREB-IR in the SC N of mice under free-running conditions was induced when a brief light pulse (Light) was delivered 2 hr after activity onset (C T14) or in the middle of the subjective night (CT18; data not shown). Light stimulation had no effect when given 2 hr before activity onset (C T10) or in the middle of the subjective day (CT06; data not shown). Control animals not exposed to the light stimulus (Control ) showed only a weak basal pCREB-IR within the SC N. Scale bar, 50 m. oc, Optic chiasm. awaits f urther experimentation, it is supported by consistently large phase delays in melatonin-deficient C57BL mice at CT14 and at C T18 (Ebihara et al., 1986; Goto et al., 1989) . In both mouse strains, resetting light pulses were always associated with CREB phosphorylation in the SC N, a molecular link originally observed in the Syrian hamster (Ginty et al., 1993) . Notably, the dynamic profile of the pCREB-IR was not different between the two mouse strains and, thus, independent of the size of the phase delays. These results imply that endogenous melatonin may modulate the magnitude of light-induced phase shifts, but not the acute cellular responses of the SC N to light, including the induction of pCREB. These observations profile a feedback function for the pineal hormone, with melatonin potentially setting the gain of SCN sensitivity to resetting stimuli on a diurnal and a seasonal basis.
Glutamate, a principal transmitter of the RHT (for review, see Ebling, 1996) , induced CREB phosphorylation in the SCN probably via activation of the Ca 2ϩ /calmodulin-signaling pathway. In both mouse strains glutamate-induced CREB phosphorylation was observed during subjective night but not during subjective daytime. This observation extends the results of a previous study in rat, which compared the effects of glutamate at CT07 and Figure 4 . Distribution of pCREB-IR and V I P-IR in the mouse SC N. C3H (lef t) and C57BL (right) mice, kept under standard light /dark conditions, were exposed to bright white light (10 min) at Z T14. Double-label immunocytochemistry using a confocal laser-scanning microscope shows the spatial distribution of light-induced pCREB-IR nuclei (red) and V I P-IR cells ( green). Several cells show both nuclear pCREB-IR and cytoplasmic VIP-IR (arrows); some cells show either a nuclear pCREB-IR (arrowheads) or a cytoplasmic V I P-IR (asterisk s) only. Scale bars: upper, 50 m; lower, 25 m. oc, Optic chiasm; 3V, third ventricle. CT20 . The temporal window of sensitivity to glutamate coincides with the period of glutamate-induced phase shifts in rat SC N explants (Ding et al., 1994) . Notably, CREB phosphorylation is a consistent cellular response to resetting glutamatergic cues, regardless of the direction of the phase response, because it can be induced at early subjective night (this study) when glutamate induces maximal phase delays (Ding et al., 1994) and at C T20 when glutamate induces phase advances (Ding et al., 1994) .
PACAP is an RHT transmitter that stimulates cAM P production in the SC N via the PACAP-R1 receptor (Hannibal et al., 1997) . Because PACAP levels in the rat SC N are reduced by light (Fukuhara et al., 1997) , any release of PACAP by RHT fibers would make the SC N "sense darkness" and allow the pacemaker to readjust rapidly to ambient lighting conditions. In our hands PACAP induced a maximal CREB phosphorylation at Z T10, and the effect was not different between the two mouse strains. Therefore, as for glutamate and light, the gate of sensitivity is set independently of any rhythmic melatonin signal from the pineal gland. The sensitivity window for PACAP overlaps temporally with phase advances induced either by dark pulses in vivo (Ellis et al., 1982) or by application of cAM P analogs in vitro . The phasic induction of pCREB-IR by PACAP described here for mice conforms to studies in rat showing that the resetting Figure 5 . Semiquantitative analysis of the pCREB-IR induced by PACAP ( A) or glutamate ( B) in mouse SCN brain slices. A, PACAP application (100 nM) evoked a robust pCREB-IR in the SCN of C3H and C57BL mice when applied at ZT10 but had no effect at ZT14, ZT18, or ZT06. B, Glutamate application (100 M) induced pCREB-IR in the SCN of C3H and C57BL mice at ZT14 and ZT18 but had only slight effects at ZT06 and ZT10. Untreated slices (controls) showed a very low basal pCREB-IR (see also Fig. 7) . Each data point represents the mean Ϯ SEM of four to nine animals. Asterisks indicate significantly different values of stimulated slices compared with controls; *p Ͻ 0.05; ***p Ͻ 0.001. Figure 6 . Semiquantitative analysis of the effects of melatonin on the PACAP-or the glutamate-induced pCREB-IR. A, A preceding incubation of SCN brain slices with melatonin (Mel; 1 nM) prevented the induction of a pCREB-IR by PACAP at ZT10 in both mouse strains. B, The glutamateinduced pCREB-IR in the SCN of both mouse strains at ZT14 was unaltered when slices were preincubated with melatonin. Each data point represents the mean Ϯ SEM of four to eight animals; ***p Ͻ 0.001. action of this peptide is restricted to subjective daytime (Hannibal et al., 1997) . However, Hannibal et al. investigated the resetting action of PACAP at Z T06 and not at Z T10, a time point when we observed maximal induction of pCREB in mice. All data support the concept that phosphorylation of CREB mediates PACAP-mediated retinal signaling to the clock.
Our investigations with the two RHT transmitters imply a switch in SC N sensitivity between PACAP (daytime), activating the cAM P/adenylate cyclase-signaling pathway (Gillette, 1996) , and glutamate (nighttime), stimulating the C a 2ϩ /calmodulinsignaling pathway (Ebling, 1996) . This switch occurs endogenously around the light /dark transition and is set independently of a phasic melatonin signal, because it is present in C3H and also in C57BL mice. All these findings support the notion that transcription is part of the mechanism for adjustment of oscillator timing.
Exogenous melatonin applied around dusk is also a potent resetting cue in rats (Armstrong et al., 1986) , in Siberian hamsters (Duffield et al., 1999) , and in some strains of mouse . In the current study, melatonin reversed PACAP-induced phosphorylation of CREB when applied at ZT10 in both C3H and C57BL mice. This conforms to an autoradiographic demonstration of melatonin-binding sites in the SCN of both strains (Siuciak et al., 1990) . Characterization of the two melatonin receptor subtypes expressed in the mouse SCN, the Mel 1a (Roca et al., 1996) and the Mel 1b receptor (Liu et al., 1997) , has shown that both are coupled to inhibition of adenylate cyclase activity (for review, see Reppert et al., 1996) . It is therefore likely that in the SCN of both mouse strains, molecular cross talk exists between melatonin-and PACAP-regulated signaling at the level of cAMP accumulation but not between melatonin and the glutamate-activated Ca 2ϩ -dependent pathway. The insensitivity of this signal transduction pathway toward melatonin may secure the responsiveness of the SCN to light-induced phase shifts at night. This is consistent with a recent report that melatonin cannot affect glutamatergic induction of pCREB-IR in the SCN of neonatal Syrian hamsters (McNulty et al., 1998) .
Our data suggest that CREB serves in the mouse SCN as a molecular interface to translate a gated transmitter preference for adjustment of the phase of the pacemaker. This convergence of multiple and separately inducible signaling pathways onto CREB phosphorylation is well known (Montminy et al., 1990; Dash et al., 1991; Sheng et al., 1991) . In the mouse SCN such convergence seems to be achieved via a rapid and efficient but restricted intracellular molecular cross talk and may affect and adjust clockwork transcription. The evidence supporting this idea can be derived from observations that in the SCN of both mouse strains, CREB phosphorylation is induced within a few minutes by (1) light stimuli that reset the SCN pacemaker, (2) glutamatergic receptor activation, and (3) PACAPergic receptor activation. Importantly, (4) melatonin interferes selectively with the PACAP-induced CREB phosphorylation in both mouse strains. The case for granting CREB a central role for the integration of photic information into the clockwork can also be inferred from known molecular details of this transcription factor (Ginty et al., 1993; McNulty et al., 1994 McNulty et al., , 1998 Tamotsu et al., 1995; Kako et al., 1996) . It should be noted, however, that our data do not allow us to eliminate a possible parallel processing of clock resetting and CREB phosphorylation, both affected by PACAP and glutamate signaling (Gillette, 1996) .
The very rapid stimulus-induced CREB phosphorylation in the rodent SC N allows this event to intersect with clock mechanisms at the earliest time point possible. CREB phosphorylation induced by photic stimulation at nighttime occurs before the transcriptional induction of immediate early genes that is associated with light-induced phase shifts in clock f unction (Wollnik et al., 1995;  for review, see Hastings, 1997) and before the rapid elevation of mPerI and mPerII mRNA levels, the putative mouse ortholog of the Drosophila clock gene period Zylka et al., 1998) . As CREB phosphorylation is known to be a key step in coupling shortterm neuronal stimuli to long-term intracellular responses (Yamamoto et al., 1988; Montminy et al., 1990) , the lightinduced CREB phosphorylation in rodent SC N may be the Figure 7 . Effects of melatonin on the PACAP-or the glutamate-induced pCREB-IR. Untreated control slices (Control ) showed no basal pCREB-IR in the SCN of both mouse strains after 2 hr in culture (Z T10) or after 6 hr in culture (Z T14; data not shown). PACAP application (PACAP) at ZT10 induced a nuclear pCREB-IR in the SC N of C3H and C57BL mice. The PACAP effect was suppressed when slices were preincubated with melatonin (PACA P ϩ Mel ). Glutamatergic stimulation (Glutamate) of slices at Z T14 evoked a nuclear pCREB-IR in the SC N of both mouse strains. Glutamate-effects were not affected by melatonin (Glutamate ϩ Mel ). In both mouse strains melatonin alone did not induce a pCREB-IR in the SCN (data not shown). Scale bar, 50 m. oc, Optic chiasm. molecular initiator to reset the phase of circadian behavioral cycles. It may be envisioned that pCREB induction affects clock genes like mPer to cause phase delays during the early night by retarding the spontaneous decline in SC N activity and to cause phase advances during late night by activating a precocious increase in the molecular oscillation, based on mPer.
